ABSTRACT hrl, an Ela (0-4.5 map units) host range mutant of type 5 adenovirus (Ad5), transformed a cloned rat embryo fibroblast (CREF) cell line at about a 5-fold higher frequency than wild-type (wt) AdS when cells were cultured at 370C. However, if the cells were infected with hrl and maintained at 320C morphological transformation did not occur. When infected cells were shifted from 320C to 37C 2 wk postinfection, the frequency of transformation by 6 wk was identical to that of cells grown continuously at 37TC, whereas cultures shifted from 370C to 320C 2 wk postinfection displayed a >96% reduction in morphological transformation. hrl-transformed cells had a fibroblastic morphology as contrasted with the typical epithelioid morphology of wt Ad5-transformed cells, but hrl-and wt AdS-transformed cells had similar saturation densities, growth rates, and agar cloning efficiencies when assayed at 37"C. However, when cells transformed by hrl at 37C were grown at 320C, they had a saturation density close to that of normal CREF cells and grew at a lower efficiency in agar than wt-transformed cells. DNA transfer/hybridization analysis of two hrl-transformed cloned cell lines, A2 and B3, indicated that A2 cells contained a complete integrated copy of the AdS genome, whereas in B3 cells only part of the Ad5 genome was integrated. RNA transfer and RNA/DNA filter hybridization analyses indicated that the types of viral messenger RNAs and the relative amounts of RNA transcribed were similar in the A2 and B3 cell lines when they were grown at 32°C and 37C. Indirect immunofluorescence, with antisera from hamsters bearing Ad-induced tumors, indicated a temperature dependence in staining-i.e., cells grown at 37°C or shifted from 32°C to 37°C contained intense, particulate staining in the nuclear region, whereas the staining was decreased significantly in cells cultured at 32°C and in cells shifted from 37C to 32°C. These findings indicate that the gene product affected by the hrl mutation is cold sensitive and is essential for the expression of the characteristics that identify the transformed cell.
nofluorescence, with antisera from hamsters bearing Ad-induced tumors, indicated a temperature dependence in staining-i.e., cells grown at 37°C or shifted from 32°C to 37°C contained intense, particulate staining in the nuclear region, whereas the staining was decreased significantly in cells cultured at 32°C and in cells shifted from 37C to 32°C. These findings indicate that the gene product affected by the hrl mutation is cold sensitive and is essential for the expression of the characteristics that identify the transformed cell.
Recent studies that employ host range (1, 2) and host range deletion (3) mutants of Ad5 suggest that the Ela [0-4.5 map units (m.u.)] and Elb (4.5-11.5 m.u.) transcriptional units are involved in the initiation and maintenance of stable transformation of rodent cells. Direct evidence for an involvement of this region of AdS in transformation also has come from experiments in which the Ela or Ela + Elb region of Ad5 DNA has been transferred into recipient cells by Ca2+-mediated DNA transfection (4) (5) (6) . A problem in determining the significance of the transformation data has been the low frequency of transformation and the lack of consistent results when different cell types were used (1, 3, 7) . For example, Jones and Shenk (3) were unable to obtain transformation of primary rat embryo or rat embryo brain cells with the deletion mutant d1313 (a mutant with a deletion of 2,350 base pairs between 3.5 to 10.5 m.u.), whereas Shiroki et at (7) obtained a similar transformation frequency with d1313 and wild-type (wt) Ad5 when they used the established 3Y1 rat cell line.
We have recently isolated a cell line (CREF) from a single cell clone of the F2408 Fischer rat embryo fibroblast cell line. These CREF cells have the great advantage in that they are transformed by wt Ad5 at > 150-fold higher frequency than early passage rat embryo cells (8, 9) . This report presents the results of a study of the interaction between CREF cells and hrl virus (10) , a host range mutant of AdS with a single base-pair deletion in Ela at position 1,055 (11, 12) . Graham et aL (1) originally reported that hrl was unable to transform rat embryo cells or rat embryo brain cells but induced an abnormal transformation of rat kidney cells with a higher efficiency than wt Ad5. Initial attempts to establish foci of hrl-transformed rat kidney cells into cell lines were unsuccessful (1). However, by passaging entire cultures containing both normal and transformed cells, Ruben et al (13) were able to establish and characterize hrl-transformed rat kidney cell lines. The present study of hrl resulted from the recent observation of Ho and Williams (personal communication) that hrl and hr2 are cold sensitive for initiation of transformation. By using CREF cells we have been able to directly isolate hrl-transformed foci at 37°C and utilize biological and molecular methods to characterize single-cell transformed clones. This manuscript reports that hrl transforms CREF cells at 37°C with a higher frequency than wt Ad5 and that hrl is cold sensitive for the establishment as well as for the maintenance of the transformed phenotype in CREF cells although DNA integration, transcription, and mRNA production are unchanged after a shift of transformed cells to the nonpermissive temperature.
MATERIALS AND METHODS
Cell Cultures. CREF cells (9) were grown in Dulbecco's modified Eagle's medium (DME medium) containing 5% fetal bovine serum, and 293 cells (14) were grown in DME medium containing 10% bovine serum. Both stock cultures were maintained at 37°C in a 5% C02/95% air humidified incubator.
Viruses. wt Ad5 was propagated and assayed in cultures of KB cells at 37°C as described (15) . hrl was a gift from Jim Williams and was propagated and assayed in 293 cells (10) .
Viral Transformation Assays. Transformation assays were performed as described with slight modifications (8, 9 (17) .
DNA Isolation and Transfer Hybridization After Agarose Gel Electrophoresis. High molecular weight DNA was extracted from transformed cells as described (18) . Ten micrograms of transformed cell DNA was digested with 25 units of appropriate restriction endonuclease (New England BioLabs), and the digests were fractionated by electrophoresis in 0.6% agarose gels in 90 mM Tris-HCI/90 mM boric acid/2.5 mM Na2EDTA. The DNA fragments then were transferred from the gels to nitrocellulose sheets (19, 20) and were hybridized to an adenovirus, nick-translated, 32P-labeled probe as described (21 ithelioid cells. When hrl-infected cultures were shifted from 32TC to 37TC 24 hr-2 wk after infection, the frequency of transformation was similar to that observed in cultures grown continuously at 37TC (Table 1) . However, a reduction by approximately 50% in transformation was observed if 32TC cultures were shifted to 37TC 3 wk postinfection, probably because 6 wk were of 13 S, 12 S, and 9 S, which hybridized to an Ela (0-4.5 m.u.) Ad5 probe, and two messages of 23 S and 9 S, which hybridized to an Elb (4.5-8 m.u.) Ad5 probe (data not shown). The species of RNA produced in the hrl-transformed cells were identical in cells grown at 32TC or 37TC. Filter hybridization studies, performed by immobilizing a 0-to 4.5-or 4.5-to 11-m. u. AdS DNA fragment on nitrocellulose filters and hybridizing with 32P-labeled cytoplasmic or nuclear RNA, indicated that transcription again was similar in A2 and B3 cells cultured at 32TC or 370C (Table 2) .
Indirect immunofluorescence with immune serum from hamsters bearing tumors induced by Ad2ND4-transformed cells was used to determine if differences were apparent when A2 and B3 cells were grown at 37TC or 32TC. hrl-transformed cells grown continuously at 37TC contained intense nuclear particulate staining, whereas the same cells cultured continuously at 32TC had decreased fluorescence. When cells were shifted from 320C to 370C, the strong particulate nuclear staining developed by hr. Similarly, shifting cells from 370C to 320C resulted in a decreased staining by 72-96 hr (data not shown).
Expression of the Transformed Phenotype in hrl-Transformed CREF Cells. In prior studies it was shown that saturation density and cloning efficiency in agar were two phenotypic characteristics that were useful in distinguishing untrans- Proc. Natl. Acad. Sci. USA 80 (1983) formed from Ad5-transformed CREF cells (9) . As summarized in Table 3 , both A2 and B3 had saturation densities similar to those ofwt Ad5-transformed CREF cells (wt-3A) when assayed at 370C, but the saturation density of the hrl-transformed cloned cells was lower, when they were grown at 32TC, approaching that of untransformed CREF cells. Similarly, both A2 and B3 cells grew extremely well in agar, actually exceeding the cloning efficiency of wt-3A, when they were assayed at 37PC, whereas at 320C the cloning efficiencies of these cells were decreased by 77% and 82%, respectively, in comparison with assays performed at 37TC (Table 3 ). In addition, the final sizes of colonies growing in agar were much smaller in hrl transformants grown at 32TC as compared with the cells cultured at 37TC. This is in contrast to wt transformed cells that exhibit similar sizes at both temperatures.
DISCUSSION
Although it contains a mutation in the Ela region of the genome (1, 12) Previous studies showed that incomplete transformation of rodent cells can be effected by a fragment of DNA that only encompasses the Ela region of the genome (0-4.5 m. u.) (4) (5) (6) 27 (29, 30) .
Studies with hrl should lead to a clearer definition of the transforming function of the Mr 51,000 protein translated from the 13S mRNA. hrl has a single base-pair deletion of nucleotide 1,055, causing a shift in the reading frame, which in turn produces the nonsense triplet TGA 11 codons downstream at nucleotides 1,085-1,088 (12) . As a consequence of the stop codon produced, a truncated protein of Mr 28 ,000 is made in place of the Mr 51,000 acidic protein synthesized in wt virus-infected cells (12) . It should be noted that the mutation in hrl occurs within the introns of those transcripts that are processed into 12S and 9S mRNAs so that the Mr 48,000 protein translated from the 12S mRNA in wt virus-infected and transformed cells can be made. However, despite the presence of the Mr 48,000 protein, hrl is defective in viral replication in nonpermissive cells and produces an incomplete transformation phenotype (1, 10) .
It is important to note that, according to its DNA nucleotide sequence, hrl contains a nonsense mutation (11, 12) . However, hrl acts as a conditionally lethal, cold-sensitive mutant, which is usually attributed to a missense mutation. Thus, at 37°C hrl transforms more CREF cells than does wt virus, whereas at 32°C foci of transformed cells do not appear; but after a shift of temperature from 32°C to 37°C transformed foci appear at the usual frequency, even if incubated at 32°C for 2 wk before the temperature shift. Moreover, foci of transformed cells flatten and the phenotypic expression of the transformed cells recedes when the temperature is shifted from 370C to 32TC. Indeed, the alternative appearance and disappearance of transformed foci can be produced indefinitely by shifting temperature.
It may be argued that only a limited segment consisting of 138 nucleotides of the Ela region was subjected to sequence analysis (12) and that, because hrl was produced by treatment of virus with nitrous acid, a general mutagen, a second mutation, a missense mutation, may be present. To test this argument, a mutant was constructed that contains a 5-base-pair deletion at coordinate 2.85: the resulting deletion resulted in a host range mutant which, like hrl, is cold sensitive for transformation (unpublished data). Therefore, it seems likely that the single basepair deletion in hrl is in fact the mutation responsible for the coldssensitive, transformation phenotype. These data imply that the truncated Mr (31) describing the cold-sensitive transformation phenotype of hrl has appeared.
